N-Acetylglucosaminyltransferase III (GnT-III) produces ''bisecting-GlcNAc'' and regulates the branching of N-glycans. GnT-III activity is elevated during hepatocarcinogenesis, which is in contrast to the undetectable level found in normal hepatocytes. To determine the biological significance of GnT-III in hepatocytes, transgenic mice that specifically express GnT-III in the liver were established and characterized. The transgenic hepatocytes had a swollen oval-like morphology, with many lipid droplets. Apolipoprotein B, which contained increased level of bisecting-GlcNAc accumulated in the transgenic hepatocytes. In the transgenic serum, triglycerides, the ␤-and pre-␤-lipoprotein fractions, and apolipoprotein B100 were significantly decreased, compared with levels in nontransgenic serum. These abnormal phenotypes were more prominent in the mice with more copies of the transgene and a resulting high GnT-III activity. We demonstrate that aberrant glycosylation, as the direct result of the formation of bisecting-GlcNAc, disrupts the function of apolipoprotein B, leading to the generation of fatty liver. This observation suggests a novel mechanism for the pathogenesis of fatty liver.
acid-induced hepatic nodules (10) , during hepatocarcinogenesis in LEC rats that develop hepatomas (11) and in regenerating rat livers (12) . These results suggest that GnT-III expression is associated with proliferation, differentiation, and carcinogenesis of liver cells.
In the present study, transgenic mice that express GnT-III in the liver were generated to investigate the possible pathophysiological roles of GnT-III and its product, bisecting-GlcNAc. The transgenic mice developed fatty livers caused by dysfunction of apolipoprotein B (apo-B) that was aberrantly glycosylated by GnT-III.
MATERIALS AND METHODS
Recombinant DNA Constructs. The 5Ј noncoding region of rat GnT-III cDNA, comprising 256 nucleotides (13) , was truncated to that containing 42 nucleotides from ATG, and the blunt-ended cDNA fragment containing the entire coding sequence was inserted into the pLG1-SAP EcoRI site, which also was blunt-ended by Klenow treatment to obtain the final construct, SAP-GnT-III (Fig. 1B) . pLG1-SAP is a mammalian expression vector with a serum amyloid P component gene promoter and is used for liver-specific expression (14) .
Transgenic Mice. BDF1, an F 1 generation of C57BL͞6 and DBA͞2, was used in this study. A HindIII-XhoI fragment including the SAP-GnT-III gene was isolated from pLG1-SAP and microinjected into single-cell mouse embryos. The embryos then were returned to pseudopregnant mice to establish founder mice (15) . Genomic DNAs of the mice that were born were extracted from tail tissues to identify the transgene by Southern blot analysis using [ 32 P]-labeled rat GnT-III cDNA probe (nucleotides 98-436). The founder mice then were mated with wild-type BDF1 mice to obtain an F 1 generation of heterozygous transgenic mice. Newly born mice with the transgene among the F 1 littermates were similarly identified by Southern blot analysis and were used as transgenic mice. The phenotypes were compared with nontransgenic mice (i.e., the F 1 littermate lacking the transgene) as controls. The mice were fed a chow diet (not a high-fat diet) and were maintained under specific-pathogen-free conditions. Female mice at 8 weeks of age were used for analysis.
Northern Blot Analysis. Total cellular RNAs (50 g) were extracted from mouse livers by the acid guanidine͞phenol͞ chlorofrom method, and GnT-III transcripts were detected by using [ 32 P]-labeled rat GnT-III cDNA probe, as described earlier (12) .
Assay for Glycosyltransferase Activities. Liver tissues from mice were homogenized in PBS (pH 7.2) containing 1 g͞ml of aprotinin and 0.5 g͞ml of leupeptin, and the supernatants obtained on centrifugation at ϫ900 g for 20 min were used for the assays. GnT-III, GnT-V, and ␤-1,4-galactosyltransferase (GalT) activities were assayed as described earlier (16, 17) by HPLC using the fluorescence-labeled sugar chain, GlcNAc␤-1,2-Man␣-1,3-(GlcNAc␤-1,2-Man␣-1,6)-Man␤-1,4-GlcNAc␤-1,4-GlcNAc-PA (2-amino pyridine), as a substrate.
Lectin Blotting, Immunoblotting, and Immunoprecipitation. Samples containing 10 g of protein were subjected to 15% SDS͞PAGE under reducing conditions, and then transferred to nitrocellulose membranes. The nonspecific binding sites of the membranes had been blocked by 3% BSA in PBS. For the detection of bisecting-GlcNAc residues using erythroagglutinating phytohemagglutinin (E-PHA, Honen, Tokyo), the membranes were desialylated by treatment with 0.2 units͞ml of sialidase (Arthrobacter, Nacalai Tesque, Japan) in PBS at 37°C for 60 min (18) . The samples then were incubated with biotinylated E-PHA (2 g͞ml) to evaluate the additional bisecting-GlcNAc on the N-oligosaccharide (19) . Desialylation was confirmed by the abolished binding of Sambucus sieboldiana, a marker for sialic acid residues.
The membranes also were probed with a rabbit anti-mouse apo-B antibody (donated by Jan Borén, Gladstone Institute, San Francisco; ref. 20) using the same buffer systems as above. Proteins reactive to the antibody and lectins were detected by using a peroxidase-conjugated goat anti-rabbit IgG (Cappel) and an avidin-peroxidase complexes (Vecstatin ABC kit, Vector Laboratories), respectively. The signals were visualized with an ECL kit (Amersham) and exposed to x-ray films, according to the manufacturer's instructions.
Apo-B was precipitated from liver cell lysates (5 mg protein) by using anti-mouse apo-B antibody. The immunoprecipitated samples were subjected to 8% SDS͞PAGE under reducing conditions, and then to lectin and immunoblotting as described above. The signal intensities were determined through densitometry.
HPLC Analysis for N-Glycans. Peripheral blood was collected from mice, stored at room temperature for 1 hr, then cooled to 4°C and stored overnight at 4°C. Sera (0.3 ml) were collected by centrifugation at ϫ500 g for 10 min. First, lipids were removed from the sera by chloroform͞methanol extraction according to the methods as described (21) . The precipitates were lyophilized and redissolved in 0.5 M Tris⅐HCl, pH 8.0͞50 mM ␤-mercaptoethanol͞2% SDS. Then, the samples were incubated with N-glycanase (0.5 units; Genzyme) overnight, and the released N-glycans were collected by phenol͞ chloroform extraction as described (22) . After desalting on a PD-10 column (Pharmacia), N-glycans were labeled with 2-amino pyridine as described earlier (16) , and then subjected to reverse phase HPLC analysis after treatment with glycosidase mixture 1, which is comprised of sialidase (Arthrobacter), ␤-galactosidase (Aspergillus), and ␣-fucosidases (Streptomyces and bovine kidney) (Takara Shuzo, Japan).
Light Microscopic Analyses. Liver tissues were fixed by generalized perfusion in 10% paraformaldehyde, sequentially dehydrated with ethanol, embedded in paraffin wax, sectioned (8-10 m), and then stained with hematoxylin and eosin. To detect lipids, freshly frozen sections were fixed for 10 min at room temperature in 4% paraformaldehyde in PBS, washed, and then stained for 10 min in freshly filtered oil-red O in 70% aqueous isopropanol. Immunohistochemical analysis of liver tissues was performed by using anti-mouse apo-B antibodies and a conventional immunoperoxidase technique involving a diaminobenzidine colorimetric reagent.
Assays for Biochemical Markers. Plasma glucose, serum total cholesterol, triglyceride, and albumin values were assayed by using an automated analyzer (Reflotron system, Boehringer Mannheim).
Lipoprotein Analysis. Serum lipoproteins were separated by electrophoresis on a 0.5% agarose gel, followed by staining with Sudan black B by using a Lipoprotein Electrophoresis kit (Paragon; Beckman Instruments) according to the manufacturer's recommended protocol. The relative amounts of serum ␤-lipoprotein and pre-␤-lipoprotein were determined by densitometry, and were corrected by the amount of serum albumin. ␤-lipoproteins and pre-␤-lipoproteins were purified from 1 ml of nontransgenic SAP-1 and SAP-2 serum by the Ca 2ϩ ͞ heparin method (23) using a kit (Wako Pure Chemicals, Japan), and subjected to 6% SDS͞PAGE, followed by immunoblotting using anti-mouse apo-B antibodies.
Statistical Analysis. The Student's t test was used for statistical analysis.
RESULTS

Establishment of Transgenic Mouse Lines Expressing
GnT-III in the Liver. The SAP promoter gene (14) was used for the liver-specific expression of GnT-III to construct the GnT-III expression vector (Fig. 1B) . Eleven mice that received embryos containing the SAP-GnT-III gene by microinjection gave birth to a total of 85 mice. In the offspring, two were found to contain the transgene, termed SAP-1 (four copies of transgene) and SAP-2 (six copies). These were mated with wild-type BDF1 mice to generate F 1 littermates. As shown in Fig. 1C , the GnT-III transcripts were apparent in the livers from SAP-1 and SAP-2 in contrast to undetectable levels in the nontransgenic livers and were more elevated in SAP-2 than in SAP-1. As shown in Table 1 , GnT-III activity was detected in the liver homogenates of SAP-1 and SAP-2 and was significantly higher in SAP-2 than in SAP-1, showing that the transgene number correlates to the transcriptional level and the enzyme activity. The activity was almost the same level as that observed in LEC GnT-III gene expression in the liver had no effect on other glycosyltransferase activities, such as those of GnT-V and GalT. In several tissues other than liver, no differences in the transcript level or activity were observed between transgenic and nontransgenic mice (data not shown).
Aberrant Glycosylation in Hepatocytes and Sera from Transgenic Mice. To evaluate the sugar components of glycoproteins, lectin blot analyses were performed using liver homogenates and sera with E-PHA lectins, because E-PHA is known to react preferentially with bisecting-GlcNAc (19) . Liver homogenates and sera from SAP-1 and SAP-2 showed high reactivity to E-PHA, as compared with its weak binding in nontransgenic liver homogenates ( Fig. 2A) . In addition, several bands in SAP-2 showed higher affinity to E-PHA than the corresponding bands in SAP-1, as indicated by arrows.
To confirm the increase in bisecting-GlcNAc residues in serum, N-glycans were extracted from the serum, labeled by using 2-amino pyridine, and then resolved by reverse-phase HPLC after glycosidase treatment. As shown in Fig. 2B , the transgenic sera contained detectable components of bisectingGlcNAc structures: biantennary with bisecting-GlcNAc͞ biantennary (%), as determined by each peak area were 10.2 Ϯ 1.9 and 12.7 Ϯ 2.3 for SAP-1 (n ϭ 10) and SAP-2 (n ϭ 10), respectively. In the sera from nontransgenic mice, bisectingGlcNAc components (%) were less than 0.5 (n ϭ 8).
Collectively, these results indicate that GnT-III expression caused an increase in E-PHA reactive sugar (bisectingGlcNAc) components, both in the liver homogenate and serum of SAP-1 and SAP-2.
Fatty Liver Generation in Transgenic Mice. Microscopically, the hepatocytes in all regions of SAP-1 and SAP-2 livers exhibited ballooning and obvious cell changes indicative of accumulation in the cytoplasm, as shown in Fig. 3 . No significant necrosis or inflammatory infiltration was observed. Oilred O staining showed that the accumulation of lipids was limited in hepatocytes in transgenic mice. The lipid accumulation was limited in the hepatocytes and not observed in other liver cells, such as bile duct epithelial cells or endothelial cells on vessels. This morphological abnormality and lipid accumulation was observed in all transgenic mice examined and was more prominent in SAP-2 than in SAP-1.
The lipid accumulation observed in transgenic hepatocytes is progressive in age. On a chow diet, no significant differences were observed in the growth rate, such as body weight and size, between transgenic and nontransgenic mice. No malignant transformations were observed in transgenic mice, even at 50 weeks of age.
Decreases in Triglyceride, ␤-Lipoproteins, Pre-␤-Lipoproteins, and Apo-B in Transgenic Mice Sera. The levels of glucose, triglyceride, and cholesterol were determined in the serum after 18 hr of starvation. The triglyceride level in transgenic mice was significantly decreased, compared with that in nontransgenic mice, and the serum triglyceride value was lower in SAP-2 than in SAP-1 (Table 2) . However, no significant differences in the levels of glucose, cholesterol, or albumin were noted between transgenic and nontransgenic mice. To determine the lipoprotein fractions responsible for the decrease in triglyceride in the transgenic mice, serum lipoproteins were analyzed by agarose gel electrophoresis followed by Sudan black B staining (Fig. 4A) . The ratios (%) of the ␤-and pre-␤-fractions were significantly reduced in both SAP-1 (n ϭ 10) and SAP-2 (n ϭ 10); 55.5 Ϯ 4.3 and 44.6 Ϯ
FIG. 2. (A)
Lectin blot analysis of hepatocytes and sera from a nontransgenic and a GnT-III transgenic mouse. Ten micrograms of proteins from homogenized livers (Upper) and sera (Lower) of nontransgenic (indicated as C), SAP-1, and SAP-2 mice were subjected to 15% SDS͞PAGE under reducing conditions, followed by lectin blot analysis with biotinylated E-PHA. Before E-PHA probing, membranes were desialylated by the treatment with sialidase. The proteins visualized by Coomassie blue staining indicate the protein amount equally loaded in each lane. The results were reproducible for 10 independent mice in each group. (B) Detection of complex N-glycans bearing bisecting-GlcNAc among the serum glycoproteins by HPLC. N-glycans were extracted from sera through N-glycanase digestion and labeled with 2-amino pyridine. After glycosidase treatment, the labeled glycans were separated by reverse-phase HPLC under the conditions for the separation of complex N-glycans. The peak area for biantennary and biantennary with bisecting-GlcNAc sugars were calculated and the ratio of bisecting-GlcNAc sugars determined. The equivalent HPLC profile was reproducible in 8-10 independent mice in each group. Gn, N-acetylglucosamine; Sia, sialic acid; M, mannose; Gal, galactose; Fu, fucose; PA, 2-amino pyridine.
FIG. 3. Histology of
GnT-III transgenic liver. Liver sections from nontransgenic, SAP-1, and SAP-2 mice were fixed, processed, and then stained with hematoxylin and eosin (H.E.). Lipid was detected by oil-red O staining. The equivalent histology was observed for 10 mice in each group. Magnification: ϫ200. 5.5 of the nontransgenic mice (n ϭ 8) (P Ͻ 0.02 vs. nontransgenic mice), respectively. Because apo-B serves as the main transporter of triglyceride from liver to peripheral tissues, the aberrant glycosylation of apo-B may affect apo-B, resulting in a decrease in serum triglycerides and the lipid accumulation in the liver. We next examined the level of apo-B in serum by immunoblotting by using an anti-apo-B antibody. As shown in Fig. 4B , apo-B100 was undetectable in the serum from SAP-1 and SAP-2 in contrast to detectable levels in the nontransgenic mice. No significant changes in the levels of apo-B48 were found among the three groups. These findings suggest that the decrease in serum triglyceride is caused by a specific decrease in apo-B100 in the transgenic mice.
Accumulation of Apo-B with Increased Bisecting-GlcNAc in Hepatocytes from Transgenic Mice. To investigate the fate of apo-B produced by transgenic hepatocytes, hepatocytes from liver sections were examined immunohistochemically by using an antibody to mouse apo-B. As shown in Fig. 5A , apo-B was detected on the margins of lipid droplets in transgenic hepatocytes and was present in higher amounts in SAP-2 than in SAP-1. For evaluation of the bisecting-GlcNAc components of apo-B in hepatocytes, apo-B was immunoprecipitated from transgenic and nontransgenic hepatocyte lysates, and then characterized by blot analysis using apo-B antibodies and E-PHA. Compared with nontransgenic liver lysates, transgenic liver lysates contained higher levels of 130-kDa, 90-kDa, 74-kDa, and 50-kDa apo-B species. Among these apo-B species, 130-kDa and 50-kDa apo-B showed affinity for E-PHA in transgenic hepatocytes, whereas apo-B from nontransgenic hepatocytes showed no affinity for E-PHA. The ratios (%) of bisecting-GlcNAc to immunoreactive apo-B, as determined densitometrically, were as follows: 0.10 Ϯ 0.03, 0.34 Ϯ 0.06* and 0.58 Ϯ 0.10 † ‡ in 130 kDa and 0.03 Ϯ 0.01, 0.67 Ϯ 0.07 † and 0.97 Ϯ 0.08 † ‡ in 50 kDa for nontransgenic mice (n ϭ 12), SAP-1 (n ϭ 12) and SAP-2 (n ϭ 12), respectively, indicating a significant increase in the amount of bisecting-GlcNAc on apo-B species in transgenic hepatocytes ‫,ء(‬ P Ͻ 0.05; †, P Ͻ 0.02 vs. nontransgenic; ‡, P Ͻ 0.02 vs. SAP-1). The reactivity of immunoprecipitated apo-B to E-PHA was blocked in the presence of an authentic inhibitor, GalNAc (24) .
DISCUSSION
A fatty liver is known to be caused by high levels of fatty acids (e.g., a high-fat diet, starvation, alcohol, etc.), or a metabolic disorder involving lipoprotein synthesis (e.g., cholinedeficiency, puromycin, ethionine, orotic acid, etc.) (25) . Fatty livers also have been reported in transgenic mice, which express keratin (26) in the liver, and, for this case, the cause has been attributed to a disturbance in bile secretion.
Apo-Bs (apo-B48 and apo-B100) are glycoproteins and play important structural roles in the formation of lipoproteins. In the intestine, apo-B48 (200 kDa) is essential for chylomicron assembly. In the liver, apo-B100 (500 kDa) is required for the assembly and secretion of very low density lipoproteins and low density lipoproteins (27) . In the transgenic mice, which show aberrant glycosylation by GnT-III, numerous lipid droplets were observed in hepatocytes, and decreased levels of ␤-, pre-␤-lipoproteins, and triglycerides were observed in the peripheral blood of these animals. As a result of these data we chose to focus on one of the regulatory glycoproteins of lipoproteins, apo-B. In the case of human low density lipoproteins, apo-B contains high mannose N-glycans or biantennary type oligosaccharides (28, 29) , but the function of these oligosaccharide chains is not clear. In the transgenic mice, apo-B100 was specifically decreased to undetectable levels in serum. In addition, levels of a low molecular weight immunoreactive apo-B, which exhibited a strong reactivity to E-PHA, were increased in transgenic hepatocytes. This observation Immunoprecipitated apo-B from liver cell lysates of nontransgenic (indicated as C), SAP-1, and SAP-2 mice were subjected to 8% SDS͞PAGE followed by immunoblot (Upper) and lectin blot (Lower) with mouse apo-B antibodies and E-PHA, respectively. On lectin blotting, incubation of membranes with E-PHA was performed either with or without 200 mM GalNAc. The results were reproducible in 12 independent mice for each group. (1998) strongly suggests that aberrant glycosylation of apo-B because of GnT-III disturbs the assembly of apo-B and causes a decrease in the release of lipoproteins and an accumulation of apo-B in the liver. In regard to the association of apo-B with tumorgenesis, mice expressing aberrantly truncated apo-B showed lipid accumulation in the liver followed by the development of dysplasia and carcinoma of the liver (30) . In general, however, fatty liver is not clinically considered to be a hepatocarcinogenetic factor as is, for example, chronic hepatitis after hepatitis C virus infection. These observations suggest that apo-B has two pathophysiological functions. One is as a transporter of triglycerides, thereby resulting in lipid accumulation in the liver caused by dysfunction of apo-B under pathological conditions. The other may be the factor for hepatocarcinogenesis that may be reactivated by the truncation of apo-B. Our study suggests that GnT-III-catalyzed glycosylation affects the former, but not the latter, resulting in fatty liver generation without development of malignancy in a transgenic liver, which expresses GnT-III.
Phosphatidylcholine and a microsomal triacylglyceroltransfer protein (MTP) have been shown to regulate the secretion of apo-B containing lipoproteins (27) . Our study reveals that glycosylation also may be a factor in the regulation of lipoprotein metabolism. The above data are consistent with a scenario in which a specific glycosyltransferase, GnT-III, affects lipid metabolism through the modification of regulatory glycoproteins, such as apo-B, and, thus, could be responsible for certain metabolic abnormalities of hepatocytes. The present study demonstrates a significant abnormality in lipoprotein metabolism in transgenic mice, including lower triglyceride levels, fatty liver generation, and the accumulation of aberrantly glycosylated apo-B. Furthermore, the abnormal phenotypes were significantly more enhanced in SAP-2 than in SAP-1, in correlation to the number and the transcription level of the transgene, as well as the expressed enzyme activity. In contrast, neither nontransgenic mice littermates nor mice with null mutations in GnT-III (31, 32) have abnormal phenotypes that include liver. This finding suggests that the expression of GnT-III is inactivated in the liver as the result of a disturbance in lipid metabolism by GnT-III expression. This report describes a pathological mechanism in which an aberrant Nglycan structure (bisecting-GlcNAc) can modify certain biochemical parameters of lipid metabolism in the liver and contributes to our knowledge of the pathogenesis of fatty liver.
